Xylem hydraulic conductance varies in response to changes in sap solute content, and in particular of potassium (K + ) ion concentration. This phenomenon, known as the 'ionic effect', is enhanced in embolized stems, where it can compensate for cavitation-induced loss of hydraulic conductance. Previous studies have shown that in well-watered laurel plants (Laurus nobilis L.), potassium concentration of the xylem sap and plant hydraulic conductance increased 24 h after fertilization with KCl. The aim of this work was to test whether water-stressed laurel plants, grown under low potassium availability, could recover earlier from stress when irrigated with a KCl solution instead of potassium-free water. Two-year-old potted laurel seedlings were subjected to water stress by suspending irrigation until leaf conductance to water vapour (g L ) dropped to ~30% of its initial value and leaf water potential (Ψ L ) reached the turgor loss point (Ψ TLP ). Plants were then irrigated either with water or with 25 mM KCl and monitored for water status, gas exchange and plant hydraulics recovery at 3, 6 and 24 h after irrigation. No significant differences were found between the two experimental groups in terms of Ψ L , g L , plant transpiration, plant hydraulic conductance or leaf-specific shoot hydraulic conductivity. Analysis of xylem sap potassium concentration showed that there were no significant differences between treatments, and potassium levels were similar to those of potassium-starved but well-watered plants. In conclusion, potassium uptake from the soil solution and/or potassium release to the xylem appeared to be impaired in water-stressed plants, at least up to 24 h after relief from water stress, so that fertilization after the onset of stress did not result in any short-term advantage for recovery from drought.
Introduction
Long-distance water transport in plants occurs through the xylem conduit network, the hydraulic properties of which depend on the geometry (length, diameter, pitting) of the conducting elements but can be modulated by changes in the xylem sap cation concentration ). This phenomenon, known as the 'ionic effect', is a likely consequence of ion-mediated volume changes of pectins in pit membranes (Zimmermann 1978 , Zwieniecki et al. 2001 , Lee et al. 2012 and/or electroviscous effects in pit apertures (Santiago et al. 2013 ). The ionic effect has been shown to occur in a timescale of minutes to hours in excised branches (e.g., Zwieniecki et al. 2004 , Gascò et al. 2006 , and it has been repeatedly reported to occur in excised stems under laboratory conditions (e.g., Zwieniecki et al. 2001 , Boyce et al. 2004 , Nardini et al. 2007 , Aasamaa and Sõber 2010 , Cochard et al. 2010 .
A growing body of experimental evidence suggests that the ionic effect also plays important functional roles in planta, including optimization of water and nutrient delivery to different plant sectors and modulation of drought stress resistance Research paper , Trifilò et al. 2008 , Nardini et al. 2010 , Sellin et al. 2010 , Oddo et al. 2011 . As an example, light affects the internal redistribution of potassium, leading to higher concentrations in the xylem sap of sun-exposed branches than in shaded ones (Nardini et al. 2010 , Sellin et al. 2010 . In field-grown laurel plants subjected to mild drought stress levels, xylem sap potassium content was found to increase significantly compared with controls, compensating for the loss of stem hydraulic conductance due to embolism development (Trifilò et al. 2011) . The ionic effect is indeed significantly enhanced in embolized stems, where the fraction of radial vessel-to-vessel flow increases with respect to axial flow (Gascò et al. 2006 , Nardini et al. 2007 ), thus maximizing interactions between ions and pit apertures. During drought stress, plant hydraulic conductance decreases, because the progressive decline in plant water potential induces xylem cavitation, blocking some conduits in the vascular tissue. Moreover, waterstress-induced aquaporin inhibition leads to impairment of extra-vascular water pathways (Heinen et al. 2009 ). This overall decrease in plant hydraulic conductance might induce a further decline in leaf water potential (Ψ L ) and consequent stomatal closure or catastrophic hydraulic failure (e.g., Salleo et al. 2000, Brodribb and Holbrook 2006) . Active upregulation of xylem sap ionic content under drought stress may enhance the hydraulic efficiency of still functioning conduits, thus buffering the water potential drop in transpiring leaves and allowing plants to maintain partial stomatal aperture and photosynthetic activity or, at least, to avoid catastrophic runaway embolism (Nardini et al. 2010) .
Mineral nutrition is one of the most important factors affecting plant growth and water relations (Clarkson et al. 2000 , Cramer et al. 2009 , Goldstein et al. 2013 . Several studies have also revealed that adequate mineral nutrition might be fundamental for plant hydraulic properties. As an example, nitrogen and potassium availability have been reported to influence xylem hydraulic capacity and vulnerability to cavitation (Harvey and van den Driessche 1999, Hacke et al. 2010 ) as a consequence of structural modifications of xylem conduits. In well-watered Laurus nobilis L. plants, short-term potassium fertilization increased xylem sap potassium concentration, resulting in an increase in plant hydraulic conductance (K plant ), leaf-specific shoot hydraulic conductivity (k shoot ) and plant transpiration (E plant ) (Oddo et al. 2011) . Moreover, there is increasing evidence that an optimal potassium nutritional status can reduce the effects of abiotic stresses such as drought, heat, high light intensity or salinity (Sen Gupta et al. 1989 , Cakmak 2005 , Römheld and Kirkby 2010 , Oosterhuis et al. 2013 . In fact, potassium plays a key role in many processes related to adaptation to drought stress (Sardans et al. 2012 , Grzebisz et al. 2013 ), such as cell osmoregulation, leading to the maintenance of cell turgor and cell expansion necessary to promote root growth. Adequate levels of potassium are also required for regulation of stomatal aperture and optimization of water-use efficiency (Egilla et al. 2005) . Under high irradiance, plants grown under adequate potassium levels showed lower reactive oxygen species accumulation than potassium-deficient plants (Cakmak 2005) , while potassium deficiency was shown to negatively affect the water status and photosynthesis in tomato (Kanai et al. 2011) .
Although potassium can alleviate drought stress, soil drying itself affects nutrient availability in the soil and plant uptake dynamics, in general reducing nutrient uptake by roots and transport to shoots, thus making this cation less available to the plant (Ge et al. 2012 , Grzebisz et al. 2013 . The decline of nutrient uptake during water deficit has been attributed to several factors, such as decrease in root growth, lack of nutrients, reduced transpiration rate, reduced transport of ions in drying soil layers, hormonal limitations and other metabolic factors (Ge et al. 2012) . In field-grown maize, for example, drought stress induced a strong decrease in potassium uptake, particularly by affecting the absorption capability of roots and the transport to the stem, and the effect was highly dependent on drought intensity (Ge et al. 2012) .
Potassium uptake from the soil into root cells and its root-toshoot or source-to-sink translocation is mediated by several classes of membrane carriers and channels (Dreyer and Uozumi 2011, Wang and Wu 2013) . Fluctuations in potassium concentration in the soil and other environmental factors determine changes in the transcriptional and post-translational regulation of potassium transport components, thus allowing for plant adaptation to changing environmental conditions (Wang and Wu 2013) . The effect of drought stress on potassium uptake and transport has been shown in several cases to be mediated by abscisic acid (ABA). In Arabidopsis roots, ABA treatment strongly reduced mRNA accumulation of SKOR, an outward rectifying K + channel mediating potassium release into the xylem, and this decreased the release of potassium toward the shoots, favouring accumulation of the ion in the roots under drought stress conditions (Pilot et al. 2003) . The depressive effect of ABA on the accumulation of SKOR mRNA in the root could be involved in an integrated whole-plant response to water stress allowing increased potassium accumulation in the root apical region, favouring root growth under conditions of reduced soil water content (Sharp et al. 1990 ).
On the basis of the above, it is clear that plants can suffer from K + deficiency when exposed to drought conditions, also because the mass flow of soil solution to the roots decreases as a consequence of stomatal closure (Gäth et al. 1989 , Grzebisz et al. 2013 . Under these limiting conditions, the possibility of regulating water flow through the xylem by changes in the potassium concentration of the sap could be lost. The aim of this study was to test whether severely water-stressed Laurus nobilis plants, grown in pots under low potassium availability, could recover earlier from stress after short-term potassium fertilization. Our hypothesis was that irrigating with a KCl solution after the onset of stress could compensate for low potassium availability and enhance plant hydraulic conductance through the ion-mediated effect on embolized stems. In a previous study conducted on well-watered laurel plants, a significant increase in xylem sap potassium concentration was already evident 24 h after potassium fertilization (Oddo et al. 2011) . Therefore, we decided to focus on a short timescale (3, 6 and 24 h after treatment) for observation of the effects of post-drought potassium fertilization, in order to highlight the possible hydraulic effects before the onset of other responses, such as new root growth.
Materials and methods

Plant material, treatments and preliminary measurements
Experiments were conducted on 40 2-year-old laurel seedlings, grown in 2 l pots with a mixture of sand and garden soil (3:1). Plants were grown in a greenhouse at the Botanical Garden of the University of Palermo, Italy. Temperature and humidity in the greenhouse were influenced by atmospheric conditions, minimum and maximum average temperatures recorded during the year were 20 and 38 °C, respectively, and relative humidity ranged between 80 and 30%. Plants were grown under low potassium availability by irrigating them twice a week to field capacity with tap water containing <0.13 mM potassium, and fertilizing every 2 weeks with a modified halfstrength Hoagland solution containing no potassium (pH 6.3; N 7.5 mM, P 0.5 mM, Ca 2.0 mM, Mg 1.0 mM, S 1.0 mM, B 23.0 µM, Mn 4.6 µM, Zn 0.38 µM, Cu 0.14 µM, Mo 0.05 µM, Fe 10.0 µM).
Plants were divided randomly into two groups: well-watered control plants (C) and water-stressed plants. Water stress was imposed by suspending irrigation until leaf conductance to water vapour (g L ), measured between 10:00 and 12:00 h with a porometer (SC-1 Leaf Porometer, Decagon, Pullman, WA, USA) on five leaves per plant, dropped to ~20% of that of C plants, which took 5-7 days from the beginning of the treatment. At the same time, Ψ L , measured on two leaves per plant using a pressure chamber (SKPM 1400, Skye Instruments Ltd, Powys, UK), reached the turgor loss point (Ψ TLP ). To obtain Ψ TLP , before the beginning of the experiment, pressure-volume curves (Tyree and Hammel 1972) were measured on seven leaves from different plants. From these curves, the calculated value for Ψ TLP was −2.60 ± 0.13 MPa. After Ψ TLP was reached, plants were irrigated to field capacity at 08:30 h either with deionized water (S + W plants) or with a 25 mM KCl solution (S + K plants) and measurements were taken at 3, 6 and 24 h after irrigation (R3, R6 and R24). Treatments and measured parameters are listed in Table 1 . All measurements were carried out on sunny days in June and July 2012.
Hydraulic measurements
Plant transpiration and K plant were measured on six to eight plants per treatment using the evaporative flux method (EFM), according to Tsuda and Tyree (2000) . Each pot was tightly enclosed in a plastic bag to prevent evaporation from the soil, and plants were put on a technical balance under a photosynthetic photon flux density of ~700 µmol m −2 s −1 at the plant top. The average temperature and relative humidity during measurements were 34 ± 4°C and 38 ± 6%, respectively. After 1 h (which was sufficient to reach quasi-steady-state conditions), E plant was calculated by recording the change in pot weight of each plant during a 35-min interval. Two leaves per plant were then detached and Ψ L was measured using a pressure chamber. Evaporative flux method measurements were performed between 10:00 and 12:00 h.
Soil water potential (Ψ soil ) in the two groups of plants was estimated as described in Oddo et al. (2011) , and was −0.08 for both C and S + W plants, and −0.15 MPa for S + K plants.
Whole-plant hydraulic conductance was then calculated as
Shoot hydraulic conductance (K shoot ) was measured 24 h after the end of drought on six plants per treatment using the vacuum pressure method (VPM, Kolb et al. 1996) , slightly modified according to Lo Gullo et al. (2005) , using an 8-l polyvinyl chloride vacuum chamber. Shoots from plants treated as described above were excised under tap water, and the stem base was connected to polyetheretherketone tubing ending in a beaker containing the perfusion fluid and placed on an analytical balance (AL 104, Mettler Toledo, Greifensee, Switzerland). A commercial mineral water roughly matching dilute xylem sap composition (Levissima, San Pellegrino SpA, Milano, Italy), with a potassium content of 0.05 mM, was filtered to 0.22 µm and used as the perfusion fluid (Nardini et al. 2007 ). The excised shoot was placed in the chamber and a vacuum pump reduced the pressure in 0.02 MPa steps. At Table 1 . List of treatments applied and traits measured on 2-year-old potted laurel plants grown under low potassium availability. each pressure (from −0.08 to 0.00 MPa relative to atmospheric pressure), a computer recorded the weight of the beaker at 20-s intervals to calculate flow rate. Flow rates (F) were plotted versus the absolute pressures applied (P) and the hydraulic conductance was calculated from the slope of the F to P linear relationship (Lo Gullo et al. 2005) . The air temperature during flow rate measurements was 27 ± 1 °C.
At the end of all measurements, leaf surface area was measured using a portable leaf area meter (AM100, Analytical Development Company, Hoddesdon, UK) and K plant and K shoot were scaled by leaf surface area. Leaf-specific shoot conductivity (k shoot ) was calculated as K shoot multiplied by the length of the excised shoot segment. All values were corrected for the viscosity of water at 20 °C.
Xylem sap potassium content
A separate set of plants was used to determine xylem sap potassium content ([K + ] xyl sap ). In addition to C, S + W and S + K plants, a set of well-watered plants was irrigated with 25 mM KCl (C + K plants) as a control for potassium uptake. To check the retention of potassium in dry versus wet soil, the potassium concentration of the irrigation solution percolating from S + K and C + K pots was measured with a selective flat potassium electrode (Cardy K, Horiba Ltd, Kyoto, Japan).
Xylem sap was extracted between 10:00 and 12:00 h from six plants per treatment. Plants were rapidly defoliated with a razor blade and each pot was inserted into a large custommade pressure chamber, with the base of the shoot fixed in a rubber gasket. The tip of the shoot was cut with a razor blade, a ring of bark was removed to avoid phloem contamination and the cut surface was rinsed with distilled water. The pressure in the chamber was gradually increased to 1.4 MPa until xylem sap flowed out from the excised tip. After discarding the first droplet, ~100 µl of sap was collected directly on the surface of the potassium electrode to measure xylem sap [K + ].
Statistics
All data are presented as mean values ± standard deviation. Occasional extremely high or low values were deleted from the dataset, using as a threshold the mean ± twice the standard deviation for each group: this occurred for one E plant and K plant value and two Ψ L values of both the S + W and S + K groups. Data were analysed with one-way analysis of variance (ANOVA), using the software package SigmaPlot 12 (Systat Software, Inc., San Jose, USA). Fisher's least significant difference (LSD) test was used to compare means when the treatment effect was significant (P < 0.05).
Results
Five to seven days after the beginning of the water stress treatment, plants had reached a severe level of stress (S max ). In fact, the minimum Ψ L of S plants was −2.75 MPa, i.e., slightly below the turgor loss point (Ψ TLP = −2.60 MPa), whereas in C plants the Ψ L values measured at midday were around −1.20 MPa ( Figure 1A) . In S plants, g L was reduced to ~35 mmol m −2 s −1 , corresponding to ~20% of that of C ones, which was 225 mmol m −2 s −1 (Figure 1B) . At S max , E plant was reduced to 0.43 ± 0.24 mmol m −2 s −1 , i.e., ~25% of that measured in controls ( Figure 1C) . It was not possible to measure K plant at S max because the pressure chamber technique did not allow the discrimination of the small ΔΨ L between bagged leaves collected at dawn to estimate Ψ soil and low-transpiring leaves collected at the end of E plant measurements.
There were no significant differences in recovery from stress between plants irrigated with water and those irrigated with KCl (Figure 1 ). Six hours after relief from stress, Ψ L was already close to initial values in both treatments (−1.34 ± 0.25 MPa and −1.83 ± 0.40 MPa in S + W and S + K plants, respectively; Figure  1A ). Plant transpiration, K plant and g L showed a slower and only partial recovery after stress, with no significant effect of potassium fertilization. Twenty-four hours after irrigation, g L and E plant had increased up to 50-60% of that of C plants ( Figure 1B and C). Plant hydraulic conductance was slightly higher after 24 h in S + K plants (55 vs 44% of controls in S + W plants), but this difference was not significant ( Figure 1D ). Twenty-four hours after irrigation, k shoot was about half that of controls, and similar between S + W and S + K plants (Figure 2A ).
The [K + ] xyl sap recorded 24 h after irrigation was 2.9 ± 1.4 mM in S + K plants, i.e., only slightly higher than in S + W plants (2.1 ± 0.6 mM), and not signifi cantly different from the control potassium-starved plants (C, 3.2 ± 0.5 mM). In well-watered plants, instead, irrigation with 25 mM KCl doubled the potassium concentration of xylem sap, which increased from 3.2 ± 0.5 mM in C plants to 6.8 ± 1.1 in C + K plants ( Figure  2B ). The potassium concentration of the infiltrate solution collected from well-watered pots was on average 40% lower than that collected after re-irrigating dry soil; however, this difference was not significant (P = 0.248) due to a rather large variability among the collected samples.
Discussion
Potassium-starved laurel plants, subjected to drought and then irrigated, did not show any significant short-term improvement in recovery from stress when potassium was added to the irrigation solution.
After suspending irrigation, experimental plants rapidly reached severe stress levels. This was likely due to the limited soil volume available in the pots. In fact, at the highest stress level Ψ L reached Ψ TLP and g L and E plant were strongly reduced. Although we could not obtain a correct determination of K plant with EFM measurements at S max , because the differences between Ψ soil and Ψ L were smaller than the repeatability limit Potassium fertilization and drought stress recovery 909 of pressure chamber readings (Trifilò et al. 2011) , xylem tensions close to Ψ L inducing turgor loss have been reported to cause a 60% loss of conductivity in young laurel twigs (Salleo et al. 1996) . Moreover, the cavitation threshold for 1-year-old laurel twigs was previously reported to range between −0.8 and −1.2 MPa (Salleo and Lo Gullo 1993) . Hence, even without a direct measurement of K plant , we can safely infer that the water transport system of experimental plants was significantly impaired at S max , leading to the recorded stomatal closure.
After re-watering, recovery from drought stress occurred gradually and with similar temporal patterns in plants irrigated with water or with potassium solution, although some parameters showed different recovery trends. Leaf water potential recovered to pre-stress values in both treatments before the recovery of stomatal aperture and transpiration, a pattern consistent with previous findings in other studies (Nardini et al. 2008, Brodribb and McAdam 2013) . In particular, recovery of g L was not complete even 24 h after relief from stress, consistent with a possible residual effect of ABA on stomata. In fact, concentrations of this hormone at the leaf level have been reported to remain high even after the re-establishment of leaf water status (Lovisolo et al. 2008) .
In embolized stems, the eventual occurrence of an ionic effect is expected to contribute greatly to enhancement of water flow through still functioning conduits (Gascò et al. 2006) . In the present study, observations of K plant recovery were performed at a short timescale in order to detect eventual changes occurring during the first hours after relief from stress, before other adaptive and structural mechanisms would have occurred, such as onset of new root growth (Lo Gullo et al. 1998) . Twenty-four hours after post-drought irrigation, K plant was slightly but not significantly higher in plants that had received potassium fertilization ( Figure 1D ). In well-watered laurel plants, potassium fertilization determined a 30% increase in K plant , and this increase in K plant was attributed mainly to an increase in axial transport through the stem, with k shoot increasing by 120% 24 h after potassium fertilization (Oddo et al. 2011) . The k shoot of water-stressed plants, instead, was about half that of controls even 24 h after re-watering, and the very slight difference between S + W and S + K plants was not significant (Figure 2A ). The possibility of artefacts in hydraulic conductivity measurements carried out on excised stems has been recently suggested by Wheeler et al. (2013) , who found that sampling methods may induce some embolism dependent on xylem tension values at the time of sampling. In this study, k shoot measurements were taken 24 h after relief from stress, when Ψ L values were in the same range for all treatments ( Figure 1A ), so the difference between treatments is unlikely to be affected by the artefact described by Wheeler et al. (2013) .
In well-watered laurel plants, the higher values of K plant and k shoot measured 24 h after fertilization with potassium were correlated to the increased K + content of xylem sap (Oddo et al. 2011) . The capacity of well-watered plants to rapidly increase potassium uptake after fertilization was confirmed in this study, but when potassium was supplied to previously drought-stressed plants, there was no corresponding shortterm increase in the K + concentration in xylem sap ( Figure 2B ). This finding suggests that potassium transport was impaired at least up to 24 h after relief from water stress. On the basis of our data, we can only speculate on some of the possible reasons why potassium content did not increase in the xylem sap when plants were fertilized after a period of severe water stress. The potassium availability to the plant after fertilization was comparable, since soil K + absorption did not appear to be significantly different between controls and drought treatments, and the infiltrate solution from C + K pots actually had a lower potassium content, probably due to a dilution effect. Reduced transpiration rate may negatively affect nutrient uptake from the soil solution, particularly in the case of P and K (Novák and Vidovič 2003, Ge et al. 2012) . A reduced nutrient uptake by roots and transport toward shoots has been reported to occur under water stress conditions (Cramer et al. 2009 ). In Vitis vinifera L. root tissues, for example, drought stress strongly decreased transcript accumulation of VvK1.1, a Shaker channel gene, playing a major role in potassium uptake from the soil solution (Cuéllar et al. 2010) . In Arabidopsis, ABA treatment depressed the accumulation of SKOR mRNA in the root, where this channel controls K + release into the xylem sap (Pilot et al. 2003) . In laurel twigs, ABA has been shown to inhibit the recovery from xylem embolism induced by externally applied KCl solutions (Salleo et al. 1996) . A recent study by Pantin et al. (2013) reported that ABA treatment on Arabidopsis detached leaves decreased leaf hydraulic conductance by reducing water permeability in leaf tissues, putatively due to an inactivation of aquaporins (Parent et al. 2009 , ShatilCohen et al. 2011 . On the basis of our results, it is tempting to speculate that ABA may in part influence plant hydraulics through its effect on potassium channels such as SKOR (Gaymard et al. 1998 , Pilot et al. 2003 , so that under drought stress the release of potassium to the xylem is strongly reduced. In turn, the decrease in xylem sap ionic concentration could significantly reduce xylem hydraulic conductance enabled by the ionic effect.
Potassium fertilization and drought stress recovery 911 The lack of xylem sap potassium increase in S plants might also be speculated to be the consequence of phloem functioning impairments under severe water stress. There are very few studies investigating the impact of drought stress on phloem dynamics, but a recent study has suggested that phloem transport is significantly impaired under intense drought (Mencuccini et al. 2013 ). There are contrasting reports on the eventual role of phloem in plant hydraulics regulation via potassium recirculation from and to the xylem. Phloem-borne potassium was found to regulate xylem hydraulic conductivity in maple . In branches of silver birch (Sellin et al. 2010 ) and in stems of laurel (Oddo et al. 2011) , living tissues continued to enrich xylem sap even after cutting. Hence, the findings by Mencuccini et al. (2013) would be consistent with a phloemmediated impairment of xylem sap K + enrichment in severely water-stressed laurel plants. However, it also has to be mentioned that girdling did not affect ion recycling from phloem to xylem in sun-exposed branches of laurel (Nardini et al. 2010) and aspen (Sellin et al. 2013 ).
In conclusion, our data confirm the relationships between K plant , K shoot and K + concentration in the xylem sap, adding further proof of the occurrence of the ionic effect in planta, and highlighting the need to determine the range of water stress levels within which the ionic effect can contribute to compensate decreases in xylem conductance. Furthermore, these results provide working hypotheses to analyse the causes of reduced K + uptake under drought stress and eventual relationships with ABA metabolism. These mechanisms might prove to represent important targets for plant breeding and transformation aimed at improving crop resistance to drought stress.
